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Abstract 
This paper presents latest results on the influences of nozzle material and geometry on the electromechanical contacting of 
sensitive piezoceramic actuator modules. Two nozzle types have been investigated, a standard WC/Co nozzle which is used for 
soldering applications and a novel ceramic nozzle. Applications for active piezoceramic components integrated in structural parts
are e.g. active damping, energy harvesting, or monitoring of vibrations and material failure. An up to now unsolved problem is 
the electrical contacting of such components without damaging the conductor or the metallization of the ceramic substrate. Since
piezoelectric components are to be integrated into structures made of casted aluminum, requirements are high mechanical 
strength and temperature resistance. Within this paper a method for contacting piezoceramic modules is presented. A spherical 
braze preform of tin bronze Cu89Sn11 with a diameter of 600 µm is located in a ceramic nozzle and is subsequently melted by a 
laser pulse. The liquid solder is ejected from the nozzle via nitrogen overpressure and wets the surface of the metallization pad 
and the Cu-wire, resulting in a brazing joint after solidification. The process is called laser droplet brazing (LDB). To asses the 
thermal evolution during one cycle WC/Co and ZTA have been simulated numerically for two different geometries enabling a 
proposition weather the geometry or the material properties have a significant influence on the thermal load during one cycle. To
evaluate the influence of the nozzle on the joint the positioning accuracy, joint height and detachment times have been evaluated. 
Results obtained with the ZTA nozzle show comparable positioning accuracies to a WC/Co nozzle with a lower standard 
deviation of solder detachment time.  
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1. Motivation 
Due to increasing resource scarcity and legislative requirements the development of products, which offer a high 
energy and material efficiency throughout their life cycle, becomes one of the most demanding challenges for 
suppliers and OEMs in the 21st century. Weight reduction of components in the automotive industry for instance 
leads to range extension or reduction in fuel consumption. However, high material stiffness of lightweight structures 
increases component vibrations and thus noise emission (Bräutigam, 2008). One approach to counteract this effect, 
is the integration of piezoelectric actuators in structural components, to enable an active vibration damping (Quentin
et al., 2013; Albert et al., 2011a). In addition, energy harvesting as well as monitoring of structural components 
regarding material failure are further applications of integrated piezoelectric actuators. Nevertheless, the integration 
of piezoelectric actuators is still an unsolved problem, since the joints of the metallization and the Cu-conductor 
have to resist high temperatures of about 600 °C (Schwankl et al., 2014) and shear forces during integration in 
casting or forming processes. One central issue preventing high-volume applications of piezo-actuators to be 
integrated in structural parts is the joining of piezo-modules with Cu-conductors. Conventional processes like laser 
micro welding introduce a thermal load onto the ceramic substrate which can result in the formation of micro cracks 
in the piezo-module due to the induced thermal stress (Held et al., 2012). Further more delamination or dissolving of 
the Ag-contact pads in the braze volume have been observed by Albert et al. (2011b). For this reason, a joining 
process is necessary, which enables electromechanical joining of piezo structures with defined energy input. One 
approach to cope with this demand is laser droplet brazing (LDB) which can be distinguished from conventional 
processes such as laser welding by a defined energy input, since the energy induced on the joint is stored in a defined 
material volume (Albert et al., 2011a). Since the braze preform gets melted inside a nozzle and wets it before it is 
subsequently ejected with nitrogen pressure, simulations carried out in Held et al. (2012) show, intense heating and 
cooling rates of the nozzle aperture of about 20 000 K/s. This thermal stress results in a degradation of WC/Co 
nozzles after about 80 cycles. To assess the influence of the nozzle material on the process, experiments with a 
zirconia toughened aluminum oxide (ZTA) nozzle are presented in this paper in order to compare the results with the 
results of Held et al. (2012), Heberle et al. (2014) and Quentin et al. (2013) using a WC/Co nozzle.  
2. Methods 
2.1. Laser droplet brazing process 
The LDB process is based on melting a spherical braze preform in a nozzle and its subsequent ejection by 
nitrogen overpressure of about 100 - 200 mbar against ambient pressure. The molten braze droplet falls onto a 
contact pad located below the nozzle and wets both, metallization of the substrate and Cu-conductor. After 
solidification of the braze droplet a firmly bonded joint of substrate and conductor results. The substrate used for 
contacting experiments is a low temperature co-fired ceramic (LTCC). The Ag-coating of the substrates is 18 µm 
thick and screen-printed onto the ceramic. The brazing material used are spherical preforms of Cu89Sn11 with a 
liquidus temperature of 960 °C (value for Cu90Sn10) (Amore et al., 2008) and a diameter of 600 µm (± 60 µm).  In 
order to describe the different phenomena of LDB, the particular process stages are divided into four different phases 
(fig. 1). 
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Fig. 1 Schematic image of the LDB process phases 
First, a solder preform is introduced into a nozzle (Fig 1 a).  Subsequently the preform is irradiated with a laser 
pulse of defined duration, which heats the solder preform above liquidus temperature, causing a wetting of the 
nozzle (b). By nitrogen pressure, the liquid braze droplet is expelled from the nozzle (c). The molten braze droplets 
subsequently wets the metallization of the piezoceramic and the copper wire, resulting in a firm electro mechanical 
joint (d). Process parameters influencing the joining results are the laser power, the pulse duration, the nitrogen 
pressure inside the nozzle and the distance between the nozzle and the metallization of the substrate.  
2.2. System 
The laser, which is used for LDB, is a fiber laser with a wavelength of 1070 nm, a maximum optical output power 
of 200 W and a raw beam diameter of 6.9 mm. It is focused with a lens of focal length f = 50 mm to form a laser 
spot of 2w0 = 10.9 µm on the surface of the spherical braze preform. The substrate is placed on an x-, y-, z- 
translation stage with a positioning accuracy of 1 µm. A coaxially mounted CCD camera enables an alignment of the 
laser focus on the braze preform and an observation of the joint position on the substrate. With nitrogen feed 
attached to a pressure regulator a defined nozzle pressure of nitrogen can be provided. A photodiode (PD) directed at 
the joint position enables the determination of the exact moment of the braze detachment due to reflection of laser 
radiation on the joint which leads to an increased PD-signal. Fig. 2 shows the schematic arrangement of the 
experimental setup. 
Fig. 2 Schematic arrangement of the experimental setup 
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3. Results and discussion 
3.1.  Influence of thermal stress on the nozzle material 
Experiments carried out with an WC/Co nozzle, which is used in conventional droplet soldering systems with 
Sn96.5Ag3Cu0.5 (TLiquid = 220 °C) preforms, show a significantly increased degradation when used for brazing 
with Cu89Sn11 preforms, due to the higher temperatures induced by the brazing process. Rapid heating and cooling 
during a brazing cycle gradually increases the adhesion between the WC/Co nozzle and the braze material, which 
occurs due to the interaction between Cu and WC as these metals form metallic interfacial bonds at the contact area. 
Fig. 3 shows the WC/Co nozzle after 80 contacting cycles. The high heating- and cooling-rates result in the 
formation of thermally induced micro cracks in the WC/Co nozzle. Subsequently braze material will, due to 
capillary forces, be dragged into these cracks, increasing the adhesion of nozzle and braze material further resulting 
in an increased braze detachment time and reduced repeatability of positioning accuracy, eventually resulting in 
clogging or thermal destruction of the nozzle (Fig. 3). 
Fig. 3 Front (left) and side view (right) of a WC/Co nozzle after 80 process cycles  
with braze residues (left) and a thermally induced crack (right, marked red) 
Cracks as well as residues of braze material can be found on the aperture of the nozzle. Therefore, the selection 
of a suitable nozzle material with high thermal damage threshold and distinct tendency of wetting with the braze 
material is of importance for the LDB process. To obtain longer endurances of the nozzle a material substitution has 
been carried out. A material where the formation of metallic interfacial bonds with the Cu89Sn11 braze has not been 
observed in wetting experiments is zirconia toughened aluminum oxide (ZTA). Therefore ZTA has been chosen as  
alternative nozzle material. The ZTA nozzle was shaped out of a ZTA plate with a thickness of 700 µm by ultra 
short-pulsed laser ablation with a picosecond laser. The nozzle geometry was also altered since the tapering ratio of 
the conventional nozzle was found to be one reason for its thermal breakdown after few joining cycles since its 
geometry favors heat accumulation. Therefore the shape of the ZTA nozzle was chosen to be more compact. To 
estimate the influences of the material and geometry change a FEM-simulation has been carried out. Further more, 
in order to qualify the ZTA nozzle for LDB, the joint height, the lateral positioning accuracy and the detachment 
times have been investigated.  
The nozzle is inserted to the machining head which was also used with the WC/Co nozzle to ensure repeatability 
of the experiments. Fig. 4 shows both nozzle geometries, which were used to carry out FEM-simulations. Since the 
WC/Co nozzle is optimized for soldering with lower temperatures it is machined with a taper ratio resulting in a thin 
wall thickness at the aperture, which leads to a heat accumulation, reducing the energy loss due to heat transfer of 
the solder preform to the nozzle. This is an desired effect in laser soldering. Nevertheless due to the higher 
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temperatures in the brazing process and the affinity of Cu and WC/Co to built interfacial metallic bonds a heat 
accumulation in the nozzle is not desired in the laser brazing process. Therefore the geometry of the ZTA nozzle 
was altered to be more compact in order to enable a better heat transfer and prolonging the nozzles lifetime (Fig. 4).   
Fig. 4: Modelled nozzle geometries (white) of standard WC/Co (left) and ZTA nozzle (right) with a braze droplet (red) 
In order to estimate the influence of the different nozzle geometries and materials regarding their heating and 
cooling rates during one cycle, both nozzles are modeled based on the model of Jeromen et al. (2014). The wetting 
angle between the Cu89Sn11 droplet and the WC nozzle is set to 105°, while the wetting angle of the ZTA nozzle 
was measured with the sessile drop method and found to be 140°. At the points A and B (see fig. 4), 25 µm below 
the inner surface of the nozzle, the temperature was computed to investigate the temperature evolution over time 
during one brazing cycle. The lateral and horizontal positions of point A and B were kept constant for both nozzle 
geometries. In order to distinquish effects of geometry and material properties both nozzle shapes were simulated 
with the material properties of WC/Co and ZTA. The temperature evolution over time for nozzle shape 1 is shown 
in Fig. 5.  
nozzle shape 2nozzle shape 1 
ÆÆ
Æ Æ
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Fig. 5: Temperature evolution over time for nozzle shape 1 simulated for ZTA and WC/Co 
Both materials have to resist significant heating and cooling rates due to the nozzle shape, which facilitates heat 
accumulation. Once the braze droplet wets the inner surface of the nozzle, the heating rate reaches values of  
29 000 K/s at the aperture of the ZTA nozzle and 25 000 K/s at the aperture of the WC/Co nozzle. The temperature 
evolution over time at point A and B for nozzle shape 2 are plotted in Fig. 6.  
Fig. 6: Temperature evolution over time for nozzle shape 2 simulated for ZTA and WC/Co 
From fig. 5 and 6 it can be concluded, that the nozzle geometry has a large influence on the temperature evolution, 
while the nozzle material plays a subsidiary role on the temperature profile. The simulations indicate that nozzle 
shape 1 is prone to heat accumulation and therefore thermal breakdown while nozzle shape 2 provides a larger area 
for heat conduction and dispersion, which makes it more suitable for high temperature applications. Furthermore the 
ZTA nozzle will not form intermetallic facial bonds with Cu89Sn11 braze which makes it favourable for brazing 
applications. 
nozzle shape 1 
nozzle shape 2
Æ
Æ
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Æ
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3.2. Positioning accuracy 
In order to compare the joints positioning accuracies of ZTA and WC/Co nozzles, the positioning accuracies of the 
ZTA nozzle has been measured in a similar way like in (Quentin et al., 2013).  A ceramic substrate was covered 
with Ag-foil of 12 µm thickness which was then perforated with two laser pulses spaced by 1.5 mm. The two 
perforations served as a references for determining the joint position relative to the nozzle position. The positioning 
accuracy of the axes is specified to be 1 µm. The systematic error induced by positioning deviations of the axis are 
therefore negligible. Joints were subsequently generated using different nozzle distances. The absolute radial 
deviation of the droplet position and the reference lines was measured and the standard deviation has been 
calculated. The results are shown in Fig. 7. 
Fig. 7: Comparison of the positional deviation of Cu89Sn11 solder preforms over the distance between nozzle and substrate for the  
ZTA-nozzle (left) and the WC/Co nozzle (Quentin et al., 2013) (right) (n = 3) 
With increasing nozzle distance the positioning accuracy is decreasing. In order to ensure a placement of the solder 
ball on the Cu-conductor, positioning deviations should not exceed the limit of half the braze preform diameter 
(300 µm). Thus the distance between the substrate and the nozzle must be chosen below 1500 µm in order to ensure 
the droplet placement on the Cu conductor. The positioning accuracies of the ZTA nozzle do not significantly differ 
from the results obtained with the WC/Co nozzle investigated by Quentin et al. (2013).  
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3.3. Influence of the laser power on droplet detachment time  
An occurring effect is the variation of the time period from beginning of irradiation until detachment of the braze 
from the nozzle at constant laser pulse powers which is referred to as detachment time. This effect has been 
described by Stein et al. (2014). The detachment time is measured with a photodiode, (see fig. 2) which data 
acquisition is synchronized to the beginning of the laser emission.  
Once the braze droplet detaches from the nozzle, the laser radiation is detected by the photodiode, exceeding a 
certain threshold value which enables the assessment of the detachment time. In fig. 8 the detachment times obtained 
using the ZTA nozzle are plotted over laser power for constant nitrogen pressure of 120 mbar and pulse duration of 
120 ms. 
Fig. 8: Detachment time of Cu89Sn11 solder preforms from the ZTA nozzle (shape 2) as a function of the laser power  
(pressure p = 120 mbar, tPulse = 120 ms, n = 4) 
The standard deviations can be attributed to a diameter variation of the braze preform which can vary by up to 
10 % or ± 60 µm according to specification. This variance of volume results in a deviation of volume to be molten 
which in turn results in a variation of detachment times. Nevertheless the standard deviation of the detachment time 
is lower than the one found by using the WC/Co nozzle shown in Stein et al. (2014). The average standard deviation 
of detachment times were 9.4 ms (nParametersets=6) for the ZTA nozzle and 23 ms (nParametersets=10) for the WC/Co 
nozzle. The ZTA nozzle therefore is more suitable in order to ensure reproducible detachment times.   
Pulse powers below 90 W are not sufficient to heat the preform above Tliquid which results in blocking the nozzle, 
while pulse powers of  > 140 W results in a partial evaporation of the braze preform. Thus, the process window is 
limited between 90 W and 140 W pulse power which is comparable to the process window found by 
Stein et al. (2014). 
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3.4. Influence of the nitrogen overpressure o the joint height 
An important attribute of the joint is its height, since it defines the point of attack for shear forces occurring 
during the die casting process. Since an increased nitrogen pressure inside the nozzle increases the nitrogen flow 
impulse onto the molten braze droplet it is an appropriate mean of influencing the joint geometry. In order to 
evaluate the influence of the nitrogen overpressure in the nozzle on the joint height, joints with different pressures 
were generated. Subsequently the joint height is measured using a laser scanning microscope. Fig. 9 shows the 
results. 
Fig. 9 Influence of the nitrogen pressure on the joint height (PLas=130 W, tPulse = 80 ms , n = 4) 
In comparison with the results of Quentin et al. (2013) the joint height shows a tendency to decrease with 
increasing nitrogen pressure if the ZTA nozzle is used. To achieve a joint height below 200 µm a nitrogen pressure 
of 140 mbar should be used.  
3.5. Wetting behaviour and formation of intermetallic phases 
Since the simulation showed a different heat balance of the ZTA nozzle in comparison with the WC/Co nozzle 
which was is mainly accounted to the altered geometry, an evaluation of the occurring diffusion processes during 
brazing was carried out in order to evaluate the joint quality. Fig 11 shows an etched cross section of the diffusion 
zone between the Ag-layer and the Cu89Sn11 braze, generated using the ZTA nozzle. The distance between the 
nozzle and the substrate was 1000 µm. A diffusion zone is developed between the Ag-metallization and the 
Cu89Sn11 braze droplet indicating a good electro mechanical joint (Fig. 10).  
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Fig. 10: Braze on LTCC ceramic with 10 micron Ag metallization in etched condition; tPulse = 85 ms , PLAS = 91 W,  
PNitrogen = 110 mbar, WD = 1mm 
As stated in Held et al. (2012) the Ag3Sn intermetallic phase which is present in the diffusion zone between 
CuSn11 braze and Ag pad has a high ductility (Chromik et al., 2003) and thus is unlikely to deteriorate the 
mechanical properties of the joint.  
4. Summary and Outlook 
Laser droplet brazing (LDB) is characterized by is the defined energy input onto the joining area since the process 
energy is stored in the braze droplet and applied indirectly via heat transfer, which makes the process favourable for 
joining thermally sensitive substrates. Within this paper it could be shown that braze joints on thin metallization 
films can be achieved without thermally damaging the ceramic substrate. A novel nozzle was adapted for the brazing 
process and the performance was evaluated in the paper at hand, indicating a better suitability for the LDB-process 
than the commercially available  WC/Co nozzle used in former experiments, since the ZTA nozzle material doesn´t 
show the effect of wetting with the braze material, and is less prone to failure due to thermal stress. The effects of 
process parameters such as pulse duration and pulse power on the joint result using the ZTA nozzle are shown and 
discussed. Furthermore, the influence of the nozzle distance on the positioning accuracy of the braze droplet was 
evaluated. The positioning accuracies meet the demands for joining 100 µm diameter Cu-conductors with Ag pads. 
In addition, the influence of the nitrogen pressure on the joint height had been investigated. It was shown that an 
increased nitrogen pressure results in lower joint heights due to flow impulses onto the braze droplet. Therefore it is 
an appropriate tool to modify the joint geometry in a favorable way regarding the following process steps of 
integration.  
Further tasks are the implementation of a process control which enables an automatic detection of braze droplet 
detachment and an interruption of the laser emission. The time period between the detachment of the braze droplet 
and the interruption of the laser can be defined in order to increase the wetting of the Cu-wire by controlled 
irradiation.  
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